Vector velocity imaging can reveal both the magnitude and direction of the blood velocity. Several techniques have been suggested for estimating the velocity, and this paper compares the performance for directional beamforming and transverse oscillation (TO) vector flow imaging (VFI). Data have been acquired using the SARUS experimental ultrasound scanner connected to a BK 8820e (BK Medical, Herlev, Denmark) convex array probe with 192 active elements. A duplex sequence with 129 B-mode emissions interleaved with 129 flow emissions has been made. The flow was generated in a recirculating flow rig with a stationary, laminar flow, and the volume flow was measured by a MAG 3000 (Danfos, Sønderbog, Denmark) magnetic flow meter for reference. Data were beamformed with an optimized transverse oscillation scheme for the TO VFI, and standard fourth-order estimators were employed for the velocity estimation. Directional RF lines were beamformed along the flow direction and cross-correlation employed to estimate the velocity magnitude. The velocities were determined for beam-to-flow angles of 60, 75 and 90 degrees. Using 32 emissions the standard deviation relative to the peak velocity for TO estimation was 7.0% at a beam-to-flow angle of 75
INTRODUCTION
Vector velocity estimation is now being introduced in clinical use for studying the hemodynamics of the human body 1 and for visualizing complex flow phenomena. 2 The commercially available scanners are based on the transverse oscillation technique [3] [4] [5] that introduces a laterally oscillating field to make it sensitive to the transverse velocity component. This is a very computationally efficient method, but it relies on a complicated transverse oscillating ultrasound field. Several other techniques have been introduced which might improve on the estimation accuracy. These include speckle tracking 6 and using spectral broadening. 7 Bonnefous 8 suggested using beamforming transverse to the ultrasound field and cross-correlation to determine the lateral motion. Another approach is to use beamforming along the flow direction as suggested by Jensen and Bjerngaard. 9, 10 None of these methods have, however, reached a commercial implementation. A review of the early history of vector Doppler has been published by Dunmire and Beach. 11 Currently the transverse oscillation (TO) approach is implemented on the commercial BK Medical scanners using a linear array probe. This should be expanded to convex array probes for increasing the penetration depth and field of view. It is, however, interesting whether this is the best approach for vector velocity estimation. In this paper the optimized TO method 12 using a convex array probe is therefore compared to the directional velocity estimation method. Data acquired by the SARUS experimental scanner have be used and processed off-line to reveal the performance for a stationary, parabolic velocity profile.
VECTOR VELOCITY ESTIMATION METHODS
The TO method estimates the velocity vector by introducing a lateral oscillation in the ultrasound field. This is made by sending out a weakly focused field and then beamforming three signals in parallel during receive processing: a traditional beam for axial velocity estimation, and a complex set of lateral oscillating beams. The latter two beams are made using a receive apodization with two peaks, which thereby generates the lateral oscillation. 3 They are focused a quarter lateral wavelength apart to form a spatial in-phase and a quadrature signal r sq (i) suitable for velocity estimation, where i is the emission number.
The temporal Hilbert transform of the received signal is r sqh (i). Two new signals are then formed from:
The estimators are then:
and
where R 1 (1) is the complex lag one autocorrelation value for r 1 (i) and R 2 (1) is the complex lag one autocorrelation value for r 2 (i). denotes imaginary part and real part. T prf is the time between two pulse emissions, f t is the transducer center frequency, d x is the lateral oscillation period, and c is the speed of sound. The estimators resemble the ordinary autocorrelation estimator 13 but uses fourth order correlations instead of second order. They are therefore efficient to implement compared to cross-correlations methods.
The directional beamforming approach is illustrated in Fig. 1 . Here the received channel data are beamformed along the flow direction, and the responses are cross-correlated to find the shift in position, and, thus, velocity of the blood. The advantage of the approach is that there is negligible de-correlation between beamformed signals, and that ensures a precise estimate of the velocity. A standard delay-and-sum beamformation is employed, but the points for beamforming are placed along a line following the flow direction. The signal is beamformed with a distance between samples of λ/N d , where λ is the wavelength and N d is the number of points per wavelength, usually around 10. The line length is 10λ in this paper. Correlating such lines will give a correlation function where the peak value is placed at the displacement between emissions. Dividing by the time between emission, thus, yields the velocity magnitude.
CALCULATION LOAD
The number of calculations for the two methods are very different, as the TO method only uses two complex samples at each depth, whereas the directional cross-correlation approach uses a full beamformed line. It is therefore considerably more computationally intensive to implement.
For the directional beamformation method the number of calculations per second is
where N l is the number of samples in a directional line, N s is the number of RF samples between velocity estimates, f s is the sampling frequency and F f is the fraction of time spend on velocity estimation. The first term N 2 l is the cross-correlation estimator, the second is the summing of the correlation functions, and the last term is the number of correlation functions per second.
For the TO estimator the number of calculations is
where 28 is the number of complex operations needed to calculate the estimator for one set of RF input samples and 4 calculations have to be made for each complex operation. The ratio between the two methods is:
Typical values are N l = 100, N s = 8, which gives R c = 11.3. The TO estimator is, thus, 11 times more efficient in terms of calculations. It demands around 980 Mflops, when half the time is efficiently used for flow estimation and sampling at 17.5 MHz with half a pulse length between velocity estimates. For the directional approach it demands around 11 Gflops, which is still within the reach of modern GPU cards.
It should also be noted that considerably more beamforming takes place for the directional approach. Three parallel beams have to be made along with a temporal Hilbert transform for the TO, whereas N l beamforming operations have to take place for each RF sample received for the directional approach. It has also been assumed that the angle determination has been made before the directional signals are beamformed. This also decreases the number of calculations significantly. 
MEASUREMENT SETUP
The SARUS experimental ultrasound scanner has been used for acquiring data for both approaches. 15 The scanner can acquire full RF data where the signal from each transducer element is sampled. The data are sampled at 70 MHz and then decimated by a factor of 4 for an effective sampling frequency of 17.5 MHz with 12-bits precision. A 3 MHz BK 8820e (BK Medical, Herlev, Denmark) convex array probe was used in a duplex mode setup. A 129 line B-mode image was interleaved with 129 flow emissions in one direction. The sequence was made continuous, so that data can be used across image boundaries. The probe has 192 elements, and the focus in transmit was at 40 mm for B-mode imaging and at 105 mm for the flow emissions. A four cycle pulse was used for the flow acquisition, and the same data were used both for directional beamforming and TO imaging to maintain the same measurement conditions in terms of focusing and signal-to-noise ratio. Measurements were conducted on a re-circulating flow rig with a stationary, parabolic flow profile. The tube had a radius of 6 mm, and the 1.2 m entrance length to the measurement site ensured a fully developed parabolic velocity profile. A MAG 3000 (Danfoss, Sønderborg, Denmark) magnetic flow meter was used as a reference. Ten frames where measured for each of the beam-to-low angles of 60, 75 and 90 degrees, and all data were stored for off-line processing in Matlab under Linux. Each measurement thereby yielded 1290 pulse-echo flow lines with 750 Mbytes of data. 
RESULTS
The mean estimated velocity profiles for the TO method are shown in Fig. 2 . Sixteen emissions have been employed for each velocity estimate, and the graphs show the results for 80 estimates. The mean profile ± one standard deviation compared to the true profile are shown for both the axial and lateral velocity components. The left graphs are for a beam-to-flow angle of 90
• and the right for 75
• . A standard deviation (STD) of 11.9% relative to the peak velocity in the vessel is obtained at 90
• and 8.9% at 75
• . The bias is moderate at -0.5% and 2.1% averaged over the profile, although a slightly lower peak velocity and a broadening of the profile is seen. It should be noted that the measurements are conducted for a tube surround by water without scattering. There is, thus, no signal on which to perform the usual discrimination between tissue and flow on, and that is why the profile is unrealistically high outside the vessel. This would be remedied by employing a discriminator, which would set velocities outside the vessel to zero.
The corresponding results for the directional beamforming approach are shown in Fig. 3 . The relative STD is 6.0% at 90
• and 2.8% at 75
• , which is a factor of 2-3 lower than the TO approach. It should, however, be noted that the angle has been predetermined for the directional beamforming, and, thus, the angle determination does not affect the estimation accuracy. The bias is somewhat higher at -8.6% and 3.0%, but it is still at an acceptable level. It can probably also be decreased by optimizing the apodization used during the beamformation. Especially close to the transducer it is probably not ideal to use 128 elements during receive processing.
The overall variations in bias and standard deviation as a function of the number of emissions for the TO methods are shown in Fig. 4 for beam-to-flow angles of 90
• , 75
• , and 60
• . The performance at two depths are shown on the top figures at 90
• . At a depth of 31 mm a low bias is obtained and the standard deviation decreases with the number of emissions. It is always higher for the lateral than the axial component. This pattern is also seen at a depth of 50 mm, although there is a consistent bias for the lateral velocity. This indicates that the lateral oscillation period could be optimized.
The lateral velocity estimates have a slightly higher standard deviation at 75
• , but the bias is lower for a depth of 40 mm. The same pattern is seen at 60
• , and this indicates that an increased axial velocity influences the lateral velocity estimates.
The velocity magnitude for the TO method was calculated and the performance evaluated. This is shown in Fig. 5 and the same overall trend as in Fig. 4 is seen. The same evaluation for the directional velocity estimation is shown in Fig. 6 for the standard deviation (left) and bias (right). Here the highest STD is found at a 90
• beam-to-flow angle where it is most difficult for the correlation estimator to determine the shift. The STD is, however, lower than for the TO method. A clear improvement is seen at 60
• and 75
• , which performs significantly better than the TO approach. The bias is also most affected by the angle at 90
• , where a consistently lower estimate of the velocity is seen.
DISCUSSION AND CONCLUSION
The transverse oscillation and directional beamforming approaches have been compared using the SARUS experimental scanner. Data were measured using a convex array probe on a circulating flow rig with stationary flow. Both methods can reliably find the velocity magnitude. For the TO method 20 emissions have to be used for keeping the standard deviation below 10% for all depths and angles. Ten emissions are sufficient for the directional lines. The directional beamforming approach can in general reduce the relative standard deviation by roughly a factor of 2 compared to the TO method. The two methods are fairly un-biased for most situation (below 5%) and can probably be made completely un-biased by further optimizing the receive beamforming either by adjusting the apodization for directional beamforming or by adjusting the lateral wavelength for the TO method.
It should, however, be noted that the improved performance of the directional method comes at a very substantial increase in the amount of calculations. Both the beamformation and velocity estimator are more computationally intensive for the directional method, and it should be further noticed that the beam-to-flow angle has been known prior to beamforming. This can be estimated as described in, 16 but again with a substantial increase in the number of calculations. 
